Over the past decade, the strategy for clinical trial design in making progress against epithelial cancers of the ovary/peritoneum/fallopian tube has changed dramatically. The NRG (GOG) Rare Tumor Committee has been a leader in this transformation. No longer does 'one size fit all'. Rather, separate clinical trials for rare subtypes have been developed and, in some cases, completed. An enhanced understanding of their pathologic diagnosis, molecular biology, and clinical behavior has galvanized this change. Low-grade serous carcinoma may occur de novo or following an initial diagnosis of serous tumor of low malignant potential. It is characterized by young age at diagnosis, relative chemoresistance, and prolonged survival compared with high-grade serous carcinoma. Historically, conventional chemotherapy has demonstrated very limited activity in this subtype. Hormonal therapy may provide benefit in this subtype. Preclinical studies have identified and elucidated genes and pathways-MAP kinase pathway, IGF1-R, the angiogenesis pathway, and possibly, the PI3K/ AKT/mTOR pathway in low-grade serous carcinoma. To date, clinical evidence supports the activity of MEK and BRAF inhibitors and bevacizumab. Further pursuit of targeted therapy trials is clearly warranted.
introduction
Historically, all women with epithelial ovarian cancer or primary peritoneal cancer, regardless of their tumor's histologic subtype, have been treated similarly within single-institution, investigator-initiated, or cooperative group trials. However, within the past few years, based on our enhanced understanding of the heterogeneity of ovarian or peritoneal cancer related to refinement of pathologic criteria, elucidation of molecular biology, and reports of clinical behavior, separate clinical trials for specific subtypes have been developed and conducted. One of the leaders in this transformation has been the Rare Tumor Committee of the Gynecologic Oncology Group (GOG), which was established in 2005. In 2014, the GOG merged with other cooperative groups to form the new NRG Oncology cooperative group. Since 2005, several clinical trials for rare ovarian/peritoneal cancer subtypes-clear cell carcinomas, mucinous carcinomas, and low-grade serous carcinomas, and non-epithelial tumors-have been activated. This review will focus on one of those cell subtypes-low-grade serous carcinoma.
pathology
After over a decade of experience using a binary grading system rather than that of the International Federation of Gynecology and Obstetrics (FIGO) for serous carcinoma, the findings were reported in 2004 [1] . This seemingly trivial proposal for replacement of the time-honored three-tier grading system (grade [1] [2] [3] with the two-tier system (low grade and high grade) actually galvanized the medical community to seriously study the significant differences between low-and high-grade serous carcinoma in terms of molecular biology and clinical behavior.
The binary grading system for serous carcinoma is based primarily on the assessment of nuclear atypia with the mitotic count used as a secondary criterion [1] . In comparison with the FIGO grading system, all but one of the 36 FIGO grade 1 cases were classified as low grade, and all of the 11 FIGO grade 3 cases were classified as high grade. However, of the 53 FIGO grade 2 cases, 15 were classified as low grade and 38 as high grade. The results of this study simply underscore the confusion surrounding the FIGO grade 2 category and why converting to a two-tier grading system makes so much sense. A further important finding of this study was the coexistence of serous tumor of low malignant potential and low-grade serous carcinoma in 60% of cases. Subsequent reports only further strengthened the observation that the FIGO grading system is flawed and the wisdom surrounding dichotomization of the grading system for serous carcinoma [2] [3] [4] [5] [6] [7] [8] . For instance, in the study of Bodurka et al., there was no difference in the clinical outcome in patients with grade 2 or 3 tumors in multivariate analysis [6] .
molecular biology
Molecular and genetic investigations over the past decade have brought the biology of low-grade serous carcinoma into much sharper focus. Based on available evidence, we currently believe that low-grade serous carcinoma may arise following an initial diagnosis of serous tumor of low malignant potential or de novo [9] [10] [11] [12] [13] [14] . In concordance with these observations, genomic profiling studies have demonstrated that low-grade serous carcinomas segregate from high-grade serous carcinomas but are similar to serous tumors of low malignant potential [15, 16] . Compared with high-grade serous carcinomas, low-grade serous carcinomas have a much lower frequency of p53 mutations or p53 expression [17, 18] , greater expression of estrogen receptor (ER) and progesterone receptor (PR) [19] , greater expression of PAX2 [20] , overexpression of anterior gradient homolog 3 (AGR3) [21] , and overexpression of insulin-like growth factor 1 (IGF-1) [22] . Although germline BRCA mutations occur in a relatively high proportion of women with high-grade serous carcinoma, low-grade serous carcinoma does not appear to be part of the hereditary breast-ovarian cancer syndrome [23, 24] .
The weight of evidence further suggests that the mitogen-activated protein kinase (MAPK) pathway plays a prominent role in the pathogenesis of both serous tumors of low malignant potential and low-grade serous carcinomas. In 2003, Singer et al. [25] reported their study of 182 ovarian tumors, including 51 serous tumors of low malignant potential and 21 low-grade serous carcinomas. KRAS mutations were reported in 33% of serous tumors of low malignant potential and in 35% of low-grade serous carcinomas, and BRAF mutations were found in 28% and 33%, respectively. Subsequent reports of low-grade serous carcinoma, however, seemed to confirm a 20%-40% frequency of KRAS mutations but a much lower frequency of BRAF mutations-2%-6% [26, 27] . Based on their findings, Wong et al. [26] concluded that the low frequency of BRAF mutations in advanced stage lowgrade serous carcinomas compared with serous tumors of low malignant potential suggested that the former are more likely derived from serous tumors of low malignant potential without BRAF mutations. A more recent study appeared to confirm these observations [28] . In other words, the presence of a BRAF mutation in an advanced stage serous tumor of low malignant potential may somehow protect against the development of a subsequent low-grade serous carcinoma. In a study of 23 patients with an original diagnosis of serous tumor of low malignant potential who subsequently recurred with low-grade serous carcinoma, patients with KRAS G12V mutations had shorter survival times than those with either KRAS G12D, wild-type, or rare KRAS variants (HR = 4.77; P = 0.023) [29] . In a study of over 1200 cases of ovarian cancer, Emmanuel et al. [30] identified 102 cases of serous carcinomas with adjacent regions of serous tumor of low malignant potential, and they found a 9% frequency of NRAS mutations. They concluded that NRAS may be an oncogenic driver in serous carcinomas. Although cumulative evidence strongly implicates activation of the MAP kinase pathway in lowgrade serous carcinoma, the precise mechanisms involved remain somewhat elusive and require continued study (see below).
In addition, although it appears that aberrations of the PI3K/ AKT/mTOR pathway are relatively rare in low-grade serous carcinoma [31] , there is some evidence that dual blockade of the MAP kinase and PI3K/AKT/mTOR pathways may be associated with enhanced activity compared with MAP kinase pathway blockade alone (see below).
treatment and clinical behavior primary treatment
Surgery is a major modality of treatment in low-grade serous carcinoma, as it is in all histologic subtypes. For most patients, primary surgery, including surgical staging for patients with apparent early-stage disease and cytoreductive surgery for those with metastatic disease, is the initial treatment. Fertility-sparing surgery is an option for selected young patients. For selected women with extensive metastatic disease or significant co-morbidities, neoadjuvant chemotherapy with interval cytoreductive surgery may be recommended. In such cases, either fine needle aspiration/core biopsy or a minimally invasive surgical procedure to establish an accurate diagnosis is carried out before starting chemotherapy. At this writing, selection of patients for neoadjuvant chemotherapy remains controversial and is continuing to evolve in terms of criteria for selection-demographic, clinical, surgical, etc.
Several predominant themes have emerged from studies of the clinical course of low-grade serous carcinoma of the ovary or peritoneum. In an ancillary study of GOG protocol 182, Fader et al. [32] reported the details regarding 189 patients with FIGO grade 1 serous carcinoma (a surrogate for low-grade serous carcinoma). On multivariate analysis, only residual disease status following primary surgery was significantly associated with overall survival (OS). Patients with microscopic residual disease had a significantly longer median progression-free survival (PFS) (33.2 months) and OS (96.9 months) compared with those with residual 0.1-1.0 cm disease (14.7 and 44.5 months, respectively) and >1.0 cm of residual disease (14.1 and 42.0 months, respectively). The overall pattern of these results closely resembles that of epithelial ovarian cancer in general. In a second study from the same dataset, serum CA 125 values were analyzed [33] . Although pre-treatment CA 125 was not prognostic of the outcome, patients with CA 125 levels that normalized after 1-3 cycles of chemotherapy were 60%-64% less likely to experience disease progression when compared with those whose CA 125 levels never normalized or normalized after four cycles (P ≤ 0.024). Normalization of CA 125 levels before the second cycle was negatively associated with death, with an HR of 0.45 (P = 0.025).
Previs et al. [34] reported the Duke experience with 81 women with low-grade serous carcinoma of the ovary. On multivariate analysis, obesity (HR = 2.8) and optimal tumor debulking (HR = 0.05) were significant predictors of OS. Additionally, obesity was not associated with worse disease-specific survival, suggesting that mortality of obese patients may have been attributable to other comorbidities.
In the initial systematic study of 112 women with stage II-IV low-grade serous carcinoma of the ovary, major features, compared with historical experience with high-grade serous carcinoma, included a relatively young age at diagnosis (median age = 43 years), prolonged OS (median OS = 82 months), and relative chemoresistance as reflected by the surrogate marker of persistent tumor at the completion of primary treatment (48% of patients) [12] . After adjusting for other variables, persistent disease after primary chemotherapy was associated with a shorter PFS time (HR = 2.64; P = 0.03). The theme of relative chemoresistance, thought to be related to the indolent nature of low-grade serous carcinoma, was subsequently also observed in reports of patients treated with neoadjuvant chemotherapy and patients with primary peritoneal low-grade serous carcinoma [14, 35] . Nevertheless, platinum/taxane chemotherapy generally remains the standard therapy for women with low-grade serous carcinoma until such time that it is replaced by evidence-based alternative treatment. Despite the lack of evidence demonstrating superiority of therapeutic strategies other than platinum/ taxane chemotherapy as primary systemic treatment, some have already begun to substitute hormonal therapy in this setting (see below). The updated MD Anderson experience was recently reported and included 350 women with low-grade serous carcinoma of the ovary or peritoneum [36] . This study confirmed our previous observations of the major clinical features of low-grade serous carcinoma, including relative young age at diagnosis, prolonged OS, and relative chemoresistance. In addition, patients age ≤35 years had a significantly worse outcome than those age >35 years-an observation quite similar to that of young women with luminal breast cancer-and patients with primary peritoneal carcinomas had a significantly better outcome than those with primary ovarian carcinomas.
treatment for recurrence
Despite the relative good prognosis of low-grade serous carcinoma, over 80% of patients with this condition will experience relapse. For selected patients, depending on several clinical factors, secondary cytoreductive surgery may be recommended. Crane et al. [37] reported their experience with 41 women with recurrent low-grade serous carcinoma who underwent secondary cytoreductive surgery. It did appear that some patients derived benefit from such a procedure; the median PFS for patients who had no gross residual tumor at completion of the surgery was 60.3 months compared with only 10.7 months for those with gross residual tumor (P = 0.008).
Systemic therapy options for salvage therapy include cytotoxic chemotherapy, hormonal therapy, or targeted agents. In a report of 58 women who received 108 separate chemotherapy regimens ('patient-regimens') for recurrent low-grade serous carcinoma, the response rate was 3.7% (4.9% in patients with platinum-sensitive disease and 2.1% in those with platinum-resistant disease) [38] . However, stable disease was observed in over 60% of patients. Hormonal therapy may have somewhat better efficacy for low-grade serous carcinoma. Of 64 patients who received 89 separate hormonal patient-regimens with drugs such as aromatase inhibitors, tamoxifen, and leuprolide acetate, the objective response rate was 9%, the median time to progression was 7.4 months, and over 60% of women had stable disease [39] . In addition, ER/PR expression data were available in 50 patients in this study. Patients with ER+/PR− tumors had a shorter time to progression (HR = 1.8) than patients with ER +/PR+ tumors; however, this observation approached but did not reach statistical significance (P = 0.056). Thus, hormonal therapy remains a reasonable and potentially active treatment for women with metastatic low-grade serous carcinoma.
targeted therapy
Given the realization that cytotoxic chemotherapy has limited activity in low-grade serous carcinoma, a search for more effective systemic therapies is warranted. As with most cancer types, investigators have principally focused on the study of targeted therapies over the past few years. Coupled with these efforts is the continued study of the molecular biology of low-grade serous carcinoma through additional basic science and translational research studies.
Based on preclinical research findings, potential genes or pathways for targeting low-grade serous carcinoma include the MAPK pathway, IGFR-1, the angiogenesis pathway, and possibly the PI3K/AKT/mTOR pathway. The MAPK signaling pathway is one of the most activated and best characterized in cancer [40] . The MAPK cascade is triggered by the binding of a ligand that ultimately leads to phosphorylation of ERK [41, 42] . Thus, MEK is a good candidate for targeted therapy, and a number of MEK inhibitors (MEKi) have been developed in the past few years [43, 44] . Preclinical studies of ovarian cancer demonstrated significant growth inhibition in cell lines with KRAS or BRAF mutations compared with cell lines with wildtype cells [45, 46] . In view of the cumulative data indicating mutations within the MAPK pathway, as discussed above, exploration of MEKi in patients with low-grade serous carcinoma was a natural progression.
In a landmark GOG phase II trial (GOG 0239), Farley et al. [27] demonstrated promising results with a MEKi, selumetinib. Fifty-two women with recurrent low-grade serous carcinoma were enrolled in this trial and treated with the MEKi, selumetinib 50 mg twice daily. The overall response rate (ORR) was 15%, with one complete response (CR) and seven partial responses (PRs). Another 65% of patients in the trial had stable disease. The median PFS was 11.0 months. The most common toxicities were gastrointestinal (13), dermatologic (9) , and metabolic (7). Three patients experienced grade 4 toxicities-one each cardiac, pain, and pulmonary. Mutational analysis was conducted on formalinfixed, paraffin-embedded (FFPE) tumor samples from 34 patients in this trial. The primary tumor accounted for 82% of the cases. In these 34 cases, there were two (6%) BRAF mutations and 14 (41%) KRAS mutations. In this study, there was no correlation between mutations of BRAF or KRAS and objective response. Subsequently, the promising results of this trial in the context of the relatively low response rates of low-grade serous carcinoma to either chemotherapeutic or hormonal agents prompted further investigations. In addition, because most of the specimens were from primary surgery and not relapse, it could be that all recurrent tumor specimens would be more predictive of response. More importantly, it is likely that we do not yet fully understand the complex circuitry of the MAPK pathway. Mechanisms other than simple common mutations, such as KRAS or BRAF, may activate the pathway. For example, in analyzing the tumor tissue from an extraordinary responder from the GOG trial, Grisham et al. [47] identified a 15-nucleotide deletion in the negative regulatory helix of the MAP2K1 gene encoding for MEK1. Functional characterization demonstrated that this mutant induced extracellular signal-regulated kinase pathway activation, promoted anchorage-independent growth and tumor formation in mice, and retained sensitivity to selumetinib. Analysis of additional lowgrade serous and serous borderline tumors identified aberrations predicted to induce extracellular signal-regulated kinase pathway activation in 82% of them. In addition, as yet unpublished data from GOG 0239 suggested that higher levels of pERK expression were associated with a greater frequency of serum CA 125 response to selumetinib.
Based on the findings of GOG 0239, three second-generation phase II or III clinical trials were activated. Each of these trials This trial also includes a robust translational research component, with fresh and archival FFPE tissue for next-generation sequencing and proteomics as well as cell-free DNA and pharmacokinetic studies.
As noted above, although BRAF mutations are very common in serous tumors of low malignant potential and possibly earlystage low-grade serous carcinoma, in metastatic low-grade serous carcinomas, the frequency is quite low-∼5%. Nevertheless, Hyman et al. [48] reported a series of 122 patients with BRAF V600-mutation non-melanoma cancers treated with the BRAF inhibitor, vemurafinib. Among the responders was a patient with metastatic low-grade serous carcinoma whose PR persisted for over 12 months.
As noted above, the angiogenesis pathway may also be a target in patients with low-grade serous carcinoma. Bidus et al. [49] reported three patients with apparent recurrent low-grade serous carcinomas (one with primary peritoneal low-grade serous carcinoma, one with ovarian low-grade serous carcinoma, and another with a mixed low-grade serous-endometrioid carcinoma) treated with bevacizumab, a monoclonal antibody against the vascular endothelial growth factor A (VEGF-A). All three patients experienced a sustained response-two PRs and one CR. Subsequently, Grisham et al. [50] reported on 17 patients with low-grade serous carcinoma of the ovary or peritoneum who received bevacizumab. Two patients were treated with single-agent bevacizumab and the others with a combination of bevacizumab and chemotherapy. Fifteen patients were evaluable for response, and six (40%) had a PR. An additional five (33.3%) had SD lasting 3 months or longer.
To date, there have been no clinical trials exploring the role of IGF1-R-targeted therapy specifically in women with low-grade serous carcinoma. Likewise, although an agent targeting the PI3K/AKT/mTOR pathway in combination with an MEKi was administered to a proportion of women on one of the three trials above (NCT01936363), the results of this trial are pending, and no AKT inhibitor, PI3K inhibitor, or mTOR inhibitor monotherapy trials specifically for patients with low-grade serous carcinoma have been developed. However, there clearly is interest in further combination trials with MEKi+, an inhibitor of the PI3K/AKT/mTOR pathway.
conclusions Low-grade serous carcinoma may occur de novo or following a diagnosis of serous tumor of low malignant potential. It is characterized by young age at diagnosis, relative chemoresistance, and prolonged survival compared with high-grade serous carcinoma.
Initial surgical treatment may occur as a primary procedure or following neoadjuvant chemotherapy in selected patients. While platinum/taxane chemotherapy remains standard as first-line systemic therapy, there is a need for studying alternative strategies. For recurrent tumor, secondary cytoreduction may provide benefit in selected patients. Options for systemic therapy management include chemotherapy, hormonal therapy, or targeted agents. The latter is focus of several ongoing and future clinical trials.
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